Mechanical Unfolding and Folding of a Complex Slipknot Protein Probed by Using Optical Tweezers.
Knotted and slipknotted proteins are topologically complex. Understanding their folding and unfolding mechanism has attracted considerable interest. Here we combined protein engineering, single-molecule optical tweezers, and steered molecular dynamics (SMD) simulations to investigate the mechanical unfolding and folding of a slipknotted protein pyruvoyl-dependent arginine decarboxylase (PADC). In its slipknotted structure, PADC contains a long threaded loop (85 residues), which is almost twice the size of the knotting loop. When stretched from its N- and C-termini, the majority of PADC can be readily unfolded in a two-state manner, and the slipknotted structure was untied. A small percentage of PADC unfolded following a three-state pathway involving the formation of an unfolding intermediate state. These unfolding intermediate states showed a broad distribution of contour length increments, suggesting that they did not have a well-defined specific structure. SMD simulations revealed the main free energy barrier to the unfolding of PADC and suggested that the unfolding intermediate states may originate from the frication of polypeptide chain sliding during the process of pulling the threaded loop out of the knotting loop. Upon relaxation, a small percentage of the unfolded and untied PADC polypeptide chain can refold back to its native slipknotted conformation, but a large fraction can only reach a misfolded state. Our results revealed the complexity of the mechanical unfolding and refolding of a slipknotted protein with a long threaded loop.